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a b s t r a c t

Recent studies of the Last Glacial period Indo-Australian summer monsoon (IASM) have revealed links to
both northern and southern hemisphere high latitude climate as well as to regional ocean conditions.
Particular interest has been paid to the monsoon response to Heinrich events, with variability explained
by meridional shifts in positioning of the intertropical convergence zone (ITCZ), but this model has not
been adequately tested. In addition, the shorter-lived Dansgaard/Oeschger (D/O) events have not been
detected (beyond D/O-1, the Bølling/Allerød) in land-based records from the Indo-Pacific, despite their
prominent expression in stalagmites from southern Asia, raising questions about the sensitivity of the
IASM to these events. Here we present a Southern Hemisphere stalagmite oxygen isotopic time series
from Ball Gown Cave (BGC), tropical northern Australia, located on the margins of the modern austral
summer ITCZ, that spans 40e31 and 27e8 ka. Elevated IASM rainfall coincides with Heinrich stadials and
the Younger Dryas, while decreased rainfall characterizes D/O interstadials, a response that is anti-
phased with sites spanning the Indo-Pacific Warm Pool and with Chinese records of the East Asian
summer monsoon. The BGC time series thus reveals a precipitation dipole consistent with a southward
(northward) migration of the ITCZ during periods of high northern latitude cooling (warming) as the
primary driver of millennial-scale IASM variability during the Last Glacial period. Our record indicates a
strengthening of the IASM after the Younger Dryas period, likely as a result of rising sea level and sea
surface temperatures, breaking the link with the high latitudes.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Over the Last Glacial cycle, monsoons across Africa (Schefuß
et al., 2011; Stager et al., 2011), Asia (Wang et al., 2001; Fleitmann
et al., 2003), North America (Asmerom et al., 2010) and South
America (Cruz et al., 2005; Wang et al., 2007; Kanner et al., 2012)
varied with insolation over orbital time scales, but also exhibited
millennial-scale oscillations tied to high latitude climate. Most
notably, the Younger Dryas (YD) and Heinrich stadials, periods of
high northern latitude cooling recorded in Greenland ice (NGRIP
.F. Denniston).
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members, 2004) and marine sediments (Bond et al., 1997), were
marked by substantial rainfall anomalies in the Northern (Wang
et al., 2001) and Southern (Schefuß et al., 2011) Hemispheres. The
impact of these events on rainfall in the (sub)tropics is increasingly
well resolved, and is explained, in part, bymeridional displacement
of the ITCZ due to an expansion of ice cover or decrease in tem-
perature at high northern latitudes, or a reduction in Atlantic
Meridional Overturning Circulation, all of which occurred during
the YD and Heinrich stadials (Chiang and Bitz, 2005; Lewis et al.,
2010).

The ITCZ and the planetary monsoon are closely coupled,
particularly in the western Pacific and across the maritime conti-
nent, areas that lack prominent topographic features such as the
Tibetan Plateau that drive intense atmospheric convection
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(Suppiah, 1992). As a result, the IASM, which dominates the climate
across northern Australia and the Indo-Pacific, is closely linkedwith
sea surface conditions of the Indo-Pacific Warm Pool (IPWP) and
has had a somewhat complex evolution through the Last Glacial
period. Paleomonsoon reconstructions along a latitudinal transect
from eastern Asia through the IPWP reveal significant regional
variations. In the Northern Hemisphere, stalagmites from Hulu
Cave, China (32�N) (Wang et al., 2001), preserve a Last Glacial re-
cord of East Asian summer monsoon (EASM) rainfall that is nearly
identical in timing and structure to temperature variations recon-
structed from Greenland ice but with clearly defined Heinrich
stadials preserved as periods of a weakened EASM, while D/O in-
terstadials were characterized by sharp increases in the EASM
(Fig. 1). Stalagmites from Borneo (4�N) (Partin et al., 2007) also
suggest a weakened IASM during Heinrich stadial 1 (HS1) (17e
15 ka) but they do not record D/O events and instead exhibit a
connection to IPWP sea surface temperature (SST) as well as to
southern high latitude climate, with decreased IASM rainfall coin-
cident with the Antarctic Cold Reversal (14.5e12.5 ka) (Blunier and
Brook, 2001). In the Southern Hemisphere, a stalagmite time series
from Flores (8�S) is closely tied to IPWP conditions and also in-
dicates a strengthened IASM during the YD (Griffiths et al., 2009),
but the IASM response to Heinrich events at this site is less well
constrained (Lewis et al., 2010, 2011). A high-resolution marine
Fig. 1. Map of the western Pacific showing sites discussed in text with DJF rainfall
anomalies associated with North Atlantic hosing simulations of Heinrich events (after
Lewis et al., 2010): (a) Hulu Cave, China (Wang et al., 2001); (b) Gunung Buda Cave,
Borneo (Partin et al., 2007); (c) Flores Sea core VM33-80 (Muller et al., 2012); (d) Liang
Luar Cave, Flores (Griffiths et al., 2009); (e) south Java core GeoB 10053-7 (Mohtadi
et al., 2011); (f) Ball Gown Cave (this study) and approximate location of Lake Greg-
ory (Wyrwoll and Miller, 2001); (g) Lynch’s Crater (Muller et al., 2008); (h) Gulf of
Carpentaria (De Deckker, 2001; Reeves et al., 2008); (i) Lake Lewis basin (English et al.,
2001); (j) Lake Eyre (Magee et al., 2004).
core from the south Java margin (Mohtadi et al., 2011) located at a
similar latitude to Flores reveals pronounced millennial-scale
changes in terrigenous sedimentation and foraminiferal isotopic
chemistry interpreted as a weakened IASM during the YD and HS1
(and a strengthened IASM during D/O event 1) while Muller et al.
(2012) document increases in continental weathering during HS1
from the Flores Sea. Neither the Flores nor the Java record preserves
evidence of forcing in response to Antarctic climate, and no conti-
nental records from the IPWP record D/O events (other than D/O-1,
the Bølling/Allerød). Fully understanding the nature of the IASM
response to extra-tropical forcing requires the development of
continuous, high-resolution records from the southernmostmargin
of the IASM. To do so, six cylindrical, calcite stalagmites (BGC5, 6,10,
11, 14, and 16) (Fig. 2) were collected from BGC (17�20S, 125�00E,
w100 m elevation), located in the western Kimberley of tropical
Western Australia (Fig. 1). Oxygen isotopic ratios of these samples
track monsoon variability, allowing a unique examination of IASM
dynamics during the Last Glacial period.

2. Materials and methods

2.1. 230Th dating

Stalagmites were sectioned using a water-cooled saw along the
vertical growth axis and inspected for signs of recrystallization.
Stalagmite chronologies were constructed using 36 230Th dates
obtained with a Thermo Neptune multi-collector ICP-MS at the
University of New Mexico Radiogenic Isotope Laboratory using
methods described by Asmerom et al. (2006) (Table 1). For dating,
50e150 mg of calcite was milled at each interval of interest using a
computer-guided drill from each interval of interest and then dis-
solved and spikedwith amixed 229The233Ue236U tracer. The sample
and spike were homogenized by drying the solution on a hot plate
and then redissolving in 7NHNO3. Anyorganics includedwithin the
calcite were destroyed by heating in 14 N HNO3 and perchloric acid,
Fig. 2. Cross-section of BGC stalagmites analyzed in this study.



Table 1
UeTh isotopic ratios and 230Th ages.

Sample mm to
bottom

238U
(ng/g)

232Th
(pg/g)

d234U
(meas’d)

Error 230Th/238U
(activity)

Error 230Th/232Th
(activity)

Error Uncorrected
age (Yr BP)

Error
(Yr)

Corrected
age (Yr BP)

Error
(Yr)

5 769 31.5 2427 339.1 2.3 0.2972 0.004 11.78 0.259 27,690 400 26,000 1730
5 727 24.2 2901 349.6 3.0 0.3036 0.004 7.75 0.130 28,110 440 25,500 2650
5 463 31.0 581 345.5 1.6 0.2807 0.003 45.72 2.444 25,820 290 25,420 500
5 435 29.3 886 359.2 1.9 0.2923 0.004 29.56 1.641 26,730 450 26,090 790
5 361 29.5 2916 367.8 3.7 0.3036 0.003 9.38 0.158 27,690 360 25,570 2150
5 297 23.7 999 359.5 2.2 0.3057 0.005 22.16 0.928 28,130 510 27,230 1040
6 674 41.2 3064 356.5 2.4 0.0975 0.004 4.01 0.181 8160 340 6550 1640
6 664 45.5 5129 364.1 3.0 0.1029 0.003 2.71 0.079 8575 250 6070 2510
6 649 51.6 5081 350.2 2.5 0.1107 0.001 3.44 0.045 9364 120 7220 2140
6 565 134.5 7996 367.1 1.9 0.1303 0.001 6.70 0.046 10,980 70 9710 1270
6 526 33.1 1467 363.2 1.9 0.1391 0.003 9.57 0.316 11,800 270 10,850 990
6 496 41.0 1667 374.5 1.9 0.1422 0.004 10.68 0.475 11,980 330 11,110 920
6 484 56.3 5341 372.1 2.8 0.1509 0.004 4.86 0.134 12,770 320 10,740 2050
6 472 90.3 1523 373.7 1.5 0.1396 0.002 25.28 1.265 11,750 190 11,390 410
6 463 54.2 7104 371.3 3.4 0.1634 0.003 3.81 0.076 13,900 270 11,090 2830
6 423 143.2 16,113 367.5 2.9 0.1655 0.001 4.49 0.034 14,140 110 11,720 2420
6 356 33.4 2564 372.6 2.7 0.1641 0.004 6.54 0.227 13,970 400 12,330 1680
6 255 Isochron- see below 15,100 1500
6 255 iso 1 278.0 264,209 377.1 4.0 0.3286 0.001 1.06 0.004 29,750 140 15,200 3480
6 255 iso 2 166.3 129,450 357.5 5.7 0.2888 0.001 1.13 0.005 26,140 140 15,020 5430
6 255 iso 3 156.5 46,373 370.0 3.4 0.2233 0.001 2.30 0.015 19,460 140 13,590 2900
6 255 iso 4 155.1 31,517 378.1 1.6 0.2105 0.002 3.16 0.027 18,200 160 17,760 270
6 255 iso 5 171.3 66,900 374.3 1.6 0.2314 0.001 1.81 0.011 20,260 130 19,410 440
6 33 26.2 1115 376.1 3.1 0.2035 0.005 14.62 0.636 17,590 430 16,690 1000
10 602 39.5 492 390.2 3.1 0.3902 0.003 95.72 7.546 36,610 340 36,350 430
10 546 40.3 120 384.1 1.5 0.4026 0.002 412.12 89.393 38,230 280 38,170 290
10 431 50.6 219 388.9 1.5 0.4123 0.002 291.58 26.174 39,200 210 39,110 230
10 315 69.9 1756 393.6 1.6 0.4135 0.001 50.30 0.677 39,170 160 38,640 550
11 151 50.7 4113 431.7 2.8 0.1478 0.005 5.57 0.228 11,940 440 10,290 1720
11 113 73.9 7052 452.3 2.9 0.1452 0.002 4.65 0.074 11,550 170 9620 1930
11 91 70.7 2623 466.7 1.8 0.1376 0.001 11.33 0.133 10,810 80 10,070 740
14 139 32.8 4011 630.6 5.2 0.2825 0.004 7.07 0.125 20,990 330 18,790 2220
14 89 21.1 799 554.9 3.5 0.2937 0.012 23.73 3.086 23,150 1030 22,440 1260
14 72 30.5 937 597.2 2.1 0.2932 0.004 29.19 1.308 22,430 310 21,870 640
14 63 22.2 1102 559.0 3.6 0.2836 0.004 17.49 0.574 22,190 350 21,260 990
14 8 35.9 1536 549.4 3.4 0.3092 0.007 22.11 1.356 24,630 590 23,820 1000
16 819 37.0 1267 387.6 2.3 0.3554 0.003 31.68 0.912 32,790 320 32,070 790
16 506 42.4 2180 390.6 2.0 0.4023 0.005 23.90 0.592 37,960 570 36,870 1220
16 187 40.0 456 387.2 1.6 0.3952 0.004 105.96 9.124 37,280 420 37,040 480
16 724 40.4 390 380.1 1.9 0.3584 0.003 113.37 10.872 33,350 290 33,140 360
16 339 69.7 2338 386.6 1.7 0.3771 0.001 34.38 0.396 35,230 150 34,520 720

Fig. 3. 232Th/238Ue230Th/238Ue234U/238U three dimensional isochron obtained from
stalagmite BGC5. Isochron calculated using IsoPlot (Ludwig, 1999). Values are
presented as activity ratios.
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and the sample was then processed using standard column chem-
istry methods. For analysis, the U and Th fractions were dissolved in
a 3% HNO3 4 ml solution which was then aspirated into the instru-
ment using a Cetac Aridus II low flow (50e100 ml/min) desolvating
nebulizer system. U and Th separates were run as static routines
where all isotopes were measured in faraday cups, with the excep-
tion of 234U and 230Th, which were measured using the secondary
electron multiplier (SEM). Gains between the SEM and the faraday
cupsweredeterminedusing standard solutions ofNBL-112 forUand
an in-house 230Th-229Th standard for Thwhichweremeasured after
approximately every fifth sample; U and Th blanks are <20 pg.
Decay constants used are those reported by Cheng et al. (2000).
Isochron data were processed using Isoplot (Ludwig, 1999).

Developing growth models for BGC stalagmites was compli-
cated by their low U concentrations, as well as occasionally high
abundances of detrital Th (232Th) and associated unsupported
230Th. In order to constrain the initial 230Th/232Th ratio, we
attempted two separate six sub-sample 230Th/238Ue232Th/238U
isochrons from each of stalagmites BGC5, BGC-6, and BGC-16, with
only one successful outcome and which yielded an initial
230Th/232Th atomic ratio of 2.4� 0.4 ppm (Fig. 3). The reason for the
failure of the other isochrons to yield a statistically significant
regression is unclear. Because we were unable to develop a
coherent isochron-based correction for unsupported 230Th, we
applied an initial 230Th/232Th atomic ratio of 4.4 ppm, the average



Fig. 4. Climates of Broome, Western Australia (300 km west of BGC) and Darwin,
Northern Territory (900 km northeast of BGC) (Australian Bureau of Meteorology,
www.BOM.gov.au).
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crustal silicate value, with an uncertainty of �4.4 ppm, to all dates.
This value is consistent (within the uncertainty) with that derived
from the one successful isochron, and represents a conservative
handling of our data. Such an approach increases the reliability of
our dates but also results in large age uncertainties, an obstacle we
addressed through a high density of samples where possible.

2.2. Stable isotopic analysis

A total of 446 powders were sampled for stable isotopic anal-
ysis at regular intervals (varying among stalagmites and depen-
dent on growth rate) from the central growth axis of each
stalagmite using a hand-held drill with a 0.5 mm diameter bit.
Carbon and oxygen isotopic ratios were measured using a Finnigan
MAT 253 coupled with an automated carbonate preparation de-
vice (a Kiel III) at the University of Michigan Department of
Geological Sciences. All oxygen and carbon isotopic values are
presented in parts per mil (&) relative to the Vienna PeeDee
Belemnite carbonate standard (VPDB). The precision of these an-
alyses was monitored with the regular analysis of standards
interspersed with the BGC samples and is better than 0.1& for
both carbon and oxygen isotopic ratios.

3. Environmental setting

3.1. BGC geology

Ball Gown Cave is located in the Napier Range, a massively
bedded Devonian reef complex forming an east-west escarpment
in the vicinity of Windjana Gorge National Park, 300 km east of
Broome,Western Australia. Ball Gown Cave is approximately 500m
long and is characterized by passages that contain numerous re-
strictions and changes in elevation, all of which serve to reduce air
circulation. The stalagmites were collected approximately 300 m
from the lower entrance in a single large and well-decorated room.
No drips were observed when visited in June 2011, approximately
two months after cessation of the monsoon season suggesting that
infiltration through the epikarst is rapid and thus little mixing of
infiltrated fluids would be expected. Soils over the cave are thin,
with exposed karstic limestone prominently exposed.

3.2. IASM rainfall in the western Kimberley

The IASM dominates the climate of thewestern Kimberley but is
a relatively weak system, with sensible heating only observed
below 750 hPa (Hung and Yanai, 2004). Primary drivers of monsoon
activity are land-sea thermal contrasts, barotropic instability, the
Madden-Julien Oscillation, and inflow from the East Asian Winter
Monsoon (Wyrwoll and Miller, 2001; Zhang and Zhang, 2010). In
the western Kimberley, average summer rainfall exceeds 600 mm
and represents w90% of the yearly total, and annual rainfall de-
creases sharply with distance south of BGC (Suppiah, 1992) making
this site particularly sensitive to IASM variability (Fig. 4).

Seasonal rainfall d18O values at Darwin, Northern Territory,
900 km northeast of BGC but within the same climatic regime, are
controlled primarily by amount effects of approximately �1&
100 mm�1 month�1 (R2 ¼ 0.6; n > 400) and no statistically sig-
nificant correlation with air temperature (R2 ¼ 0.06; n > 400)
(IAEA/WMO). Although climate modeling reveals the possible role
of changing moisture source controls on rainwater d18O values in
some portions of the Indo-Pacific during Heinrich events (Lewis
et al., 2010; Pausata et al., 2011), the proximity of BGC to the
coast, where modern relationships demonstrate the most promi-
nent amount effects to occur (Rozanski et al., 1993), suggests that
they would have remained the prominent influence on rainwater
oxygen isotopic ratios during the Last Glacial period. In addition,
the temperature dependence of oxygen isotopic fractionation in
calcite is small (�0.2&/�C) (Friedman and O’Neil, 1977) relative to
amount effects and thus did not exert a significant influence over
BGC stalagmite d18O values.
4. Results

4.1. Stalagmite age models

The low U concentrations (and resulting low supported 230Th
abundances) of BGC calcite, as well as uncertainties in the initial
230Th/232Th ratio, resulted in two standard deviation errors on the
230Th dates averaging �8%. In a small number of cases, particularly
high 232Th abundances yielded ages with unacceptably large errors
and these results were discarded. Additionally, in one stalagmite,
BGC-10, we were unable to obtain any useable dates from the
bottom (oldest) 200 mm, and thus we do not present stable isotope
data from this section. Including the error window, only a small
number of ages fall out of stratigraphic order and reveal stalagmite
growth from 40e31 and 27e8 ka (Fig. 5).

Three dates with acceptably small error windows did not fall
within error of the growth model for their respective stalagmites
(BGC-6 and BGC-16). Two possible explanations for this result,
aside from undetected human error during chemical separation or
isotopic analysis, are relevant to this discussion. First, although each
stalagmite was inspected visually, some speleothem calcite may
have experienced alteration or recrystallization that escaped
detection. Second, some areas may be characterized by initial
230Th/232Th ratios outside of the prescribed range (4.4 � 4.4 ppm).
Higher than modeled Th values could explain anomalously young
dates, but absent independent techniques for constraining unsup-
ported 230Th (such as isochrons), this question remains unan-
swered. Where a high density of dates yields internally consistent
ages, the age models should be considered robust, but all BGC age
models must be viewed in this context.
4.2. Tests for isotopic equilibrium crystallization

A variety of mechanisms, not all of which are related to climate,
can influence the oxygen isotopic ratios of speleothem carbonate
(Fairchild et al., 2006; Lachniet, 2009). Mickler et al. (2004) studied

http://www.BOM.gov.au


Fig. 5. Age models for BGC stalagmites analyzed in this study. Open circles represent 230Th ages; closed circle is result of isochron. Vertical lines are two standard deviation errors.
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dripwater and cave calcite pairs in modern and fossil stalagmites
from a tropical setting and identified oxygen isotopic values both
higher and lower than equilibrium values. These authors ascribed
their results to a variety of evaporative and kinetic fractionation
steps capable of occurring between the soil and the stalagmite
growth surface. Because neither cave dripwater nor actively
forming stalagmite calcite was identified in BGC, it is not possible
to test for equilibrium deposition in the modern setting. Instead,
we utilized two methods to assess the degree of equilibrium
crystallization of BGC stalagmite calcite. First, we examined the
relationship between carbon and oxygen isotopic ratios of each
stalagmite. Because the same effects that distort oxygen isotopic
ratios can also similarly impact carbon isotopic values, disequi-
librium can be suggested by strong covariance of d18O and d13C
values. Awide range in the degree of covariance of BGC stalagmites
is apparent, with R2 values ranging from 0.16e0.57 (Fig. 6). It must
also be noted, however, that some paleoenvironmental controls
can drive a similar response between these two isotopic systems
and thus this does not constitute a definitive test (Dorale and Liu,
2009).

Second and perhaps more reliably, we compared the stable
isotopic values and trends of coeval stalagmites (Fig. 7). Because
karstic aquifers are spatially heterogeneous (Perrin et al., 2003)
and disequilibrium effects may vary depending on infiltration
pathway (Mickler et al., 2004), similar isotopic signatures in sta-
lagmites growing at the same time and under the same conditions
should reflect isotopic equilibrium. The BGC stalagmites overlap in
age at three intervals: 39e36, 24e22, and 11e8 ka. While our
ability to perform this analysis is complicated by the limited res-
olution of the 230Th dates, the internal, short-term variability of
the oxygen isotopic time series, different temporal resolutions at
which the different stalagmites were sampled, and the potential
for slightly different microclimates within the areas the stalag-
mites formed, the degree of overlap is largely suggestive of equi-
librium crystallization. The interval 23e22 ka is the exception,
with diverging d18O trends in the youngest portion of the



Fig. 6. Analysis of covariance between carbon and oxygen isotopic ratios from BGC stalagmites as a test for isotopic equilibrium crystallization.

R.F. Denniston et al. / Quaternary Science Reviews 72 (2013) 159e168164
overlapping section, but viewing the data in total, we assume that
d18O trends in BGC stalagmites track changes in environmental
conditions, and primarily amount effects associated with changes
in strength of the IASM.
Fig. 7. Oxygen isotopic ratios of coeval BGC stalagmites. Consistent isotopic values and
trends in coeval stalagmites suggest isotopic equilibrium crystallization.
5. Discussion

5.1. Last Glacial period IASM variability

The BGC time series reveals a dynamic Last Glacial IASM,
including an active albeit variable monsoon occurring across the
western Kimberley during the Last Glacial Maximum (LGM) (24e
20 ka) (Fig. 8). The general view of this period has been that of a
system severely weakened by reduced atmospheric and ocean
temperatures, as well as land-sea temperature contrasts (Marshall
and Lynch, 2006). This model has evolved, in part, through studies
of closed-basin lakes that suggest dry conditions at the LGM. One of
the most widely studied proxies for the IASM is the sedimentary
record from Lake Eyre, an enormous pluvial lake in south-central
Australia that drains a 1.2 � 106 km2 catchment located largely
within the area impacted by the IASM (Fig. 1). Lake Eyre preserves
evidence of a fluctuating water table between w40e12 ka super-
imposed on overall dry lake conditions (Magee et al., 2004). Lake
Eyre itself lies well south of the IASM margin, and as such may not
reliably preserve distal and short-term changes in monsoon rain-
fall, particularly during a period of a generally weakened monsoon.
However this explanation does not account for other evidence from
pluvial lake and fluvial systems located within the modern IASM
regime that support a weakened or collapsed monsoon at the LGM
(Bowler et al., 2001).

Punctuating the BGC record are prominent centennial to
millennial-scale pulses of rainfall variability with negative isotope
anomalies (strengthened monsoon events) coincident with the YD
and Heinrich stadials 1 and 2 (Fig. 8). Based on the available
chronology, H1 is a broader and more pronounced event than H2,
with d18O values decreasing by 3& in H1 and 2& in H2. Non-
uniform responses of the IASM to different H-events has been
suggested at sites across IPWP (Partin et al., 2007; Griffiths et al.,
2009; Lewis et al., 2011), and may reflect the differential North
Atlantic climate anomalies and/or thermohaline circulation
changes associated with each H-event. The B/A is marked by a
pronounced and sharp weakening of the IASM, and is characterized
by the highest d18O values (driest conditions) of the entire BGC



Fig. 8. Records of Last Glacial climate variability. (a) Greenland ice (NGRIP members, 2004); (b) Ball Gown Cave (this study); individual stalagmites are color-coded; (c) Hulu cave,
China (Wang et al., 2001); (d) Liang Luar cave, Flores (Griffiths et al., 2009); (e) marine core from south Java (Mohtadi et al., 2011); (f) Gunung Buda cave, Borneo (Partin et al., 2007);
(g) EPICA Dome C Antarctica ice core (Stenni et al., 2003). Yellow bars denote Younger Dryas (YD) and Heinrich Stadials (HS) while pink bar denotes Antarctic Cold Reversal (ACR).
MAT ¼ mean annual temperature; IASM ¼ Indo-Australian summer monsoon; EASM ¼ East Asian Summer Monsoon.
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times series, suggesting that pronounced shifts in hydrologic
regime occurred rapidly between 16e13 ka.

TheYD(H0) is a considerably lesswell-definedevent thanH1. The
YDhasbeen identified in continental andmarine records fromacross
the IPWP, but its impact on Australia has remained unclear. In fact,
based on a review of published studies of deglacial climates, Tibby
(2012) argued that no clear expression of the YD is evident any-
where in Australia. The clear expression of the YD in the BGC time
series is therefore somewhat surprising and raises the possibility
that the influence of the YD would have also been translated across
the portion of the Australian interior impacted by the IASM (Fig. 8).

In assessing these findings within the context of earlier regional
IASM studies, it is therefore possible that one explanation for the
discrepancies between the BGC time series and nearby fluvial and
lake sedimentological studies may lie in the continuity of the
different records and the nature of the respective chronological
controls. For example, Wyrwoll and Miller (2001) investigated lake
levels at Lake Gregory and discharge events at the Fitzroy River,
both of which are proximal to Ball Gown Cave and the latter of
which is located within the same drainage basin as BGC. These
paleo-precipitation studies indicate a sudden change in moisture
regime tied to the onset of the monsoon no earlier than 14 ka.
While the errors in the BGC chronology limit its temporal resolu-
tion to some degree, these stalagmites represent largely continuous
depositional sequences and strongly suggest that the IASM
strengthened, weakened dramatically, and then strengthened
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again in associationwith the H1 - B/A -YD transitions between 16e
13 ka. In contrast, the majority of the calibrated radiocarbon ages
from Fitzroy River and Lake Gregory fall within one standard de-
viation error of either the YD or H1. Geomorphic studies identifying
pluvial periods at 14 ka may therefore be linked to separate,
discrete events not identifiable given the nature of the sedimen-
tological deposits and the chronological resolution available. Sup-
porting this hypothesis is other evidence for dramatic increases in
rainfall during the LGM from other areas across tropical Australia.
For example, Nott and Price (1994) interpreted an expansion in
sediments deposited in plunge pools in the IASM-dominated
Northern Territory near Darwin as suggesting pluvial periods be-
tween 22e18 ka, and English et al. (2001) used OSL dating to
constrain the ages of dune building events in the Lake Lewis basin,
central Australia, to 23e21 ka and fluvial deposits at multiple in-
tervals, including at 18, 14, and 11 ka (Fig. 1).

In addition to increases in the IASM strength during the YD and
Heinrich stadials, the BGC record, within the prescribed chrono-
logical uncertainties, also preserves evidence for a weakened
monsoon coincident with D/O interstadials 1e2 and 5e8 (Fig. 8).
Oxygen isotopic values associated with these events is quite large
(2e3&), commensurate with the d18O anomaly characterizing the
B/A. To date, only a small number of studies have identified climatic
oscillations in the Southern Hemisphere coincident with D/O
events (Wang et al., 2007; Kanner et al., 2012), despite their clear
expression in the Chinese stalagmite record (Wang et al., 2001,
2008). The large magnitude of oxygen isotopic variability that
marks D/O events in the BGC record identifies D/O interstadials as
prominent climatic events in Western Australia during the Last
Glacial period. Thus, the BGC time series reveals a close and
continuous link between the IASM and high northern latitude
climate variability during the Last Glacial.

5.2. Origins of IASM variability

A commonly invoked mechanism used to explain monsoon
dynamics during Heinrich and D/O events is extra-tropical forcing
of the ITCZ, with colder high northern latitudes displacing the
ITCZ band southward (Chiang and Bitz, 2005; Broccoli et al.,
Fig. 9. Comparison of NGRIP ice core (NGRIP members, 2004) (black) and stacked Ball Gown
time series. Black triangles denote intervals of peak aridity at Lake Carpentaria (De Deckker,
at BGC. IASM ¼ Indo-Australian summer monsoon. This manuscript benefitted from comm
2006). The BGC record is consistent with this model, and is sup-
ported by computer simulations of Heinrich stadials that indicate
a poleward propagation of the Southern Hemisphere ITCZ, with
the locus of IASM rainfall shifted by approximately 5� latitude
from its present location (Lewis et al., 2010), although other
models produce more ambiguous results (Lu and Dong, 2008; Yu
et al., 2009). These results are also consistent with pollen and
elemental data extracted from Lynch’s Crater, located in the hu-
mid subtropics of northeastern Queensland, which although not
entirely influenced by IASM rains, is closely tied to migration of
the ITCZ (Muller et al., 2008). If correct, then the fact that the d18O
minimum which characterizes the YD is small in relation to H1 or
H2 may correspond to a less southerly displacement of the ITCZ
and a restriction of enhanced YD-age IASM precipitation to the
northern margins of the Australian continent and therefore
providing an explanation for its apparent absence across the
Australian interior.

Additionally, some forcing of millennial-scale events at BGCmay
be related to cross-equatorial linkages between the EAWM and
IASM, particularly with respect to southward outflow associated
with the Siberian High during boreal winter (austral summer).
Clear examples of EAWM influences on IASM rainfall have been
documented from recent regional climatic events, such as the
dramatic “cold surges” of 2008 AD that produced deep convective
flare-up over northern Australia and Indonesia and a strengthened
IASM (Hong and Li, 2009). Anti-phasing of the East Asian summer
and winter monsoons has been suggested (Yancheva et al., 2007),
and if correct, then the strengthened EASM occurring during D/O
interstadials (and between Heinrich stadials) would have coincided
with a weakened cross-equatorial flow, diminishing IASM rainfall
in the Australian tropics.

The BGC record also allows a reconciliation of seemingly con-
tradictory short-term monsoon dynamics from the Australian tro-
pics, which to date have been reconstructed using proxies that offer
limited temporal resolution (Nott and Price, 1994; Wyrwoll and
Miller, 2001; van der Kaars and De Deckker, 2002; Magee et al.,
2004) and/or a somewhat ambiguous link to the IASM (Cohen
et al., 2011). One of the few higher resolution records attributed
directly to IASM variability is from the northern Australia
Cave (red) oxygen isotope records. Numbers denote D/O interstadials in the respective
2001; Reeves et al., 2008) that correspond with intervals of strengthened IASM rainfall
ents by two anonymous reviewers.
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continental shelf in the modern Gulf of Carpentaria (Fig. 1). Here,
sediments from a Last Glacial period lake preserve episodes of sand
deposition (De Deckker, 2001) that closely match periods of
elevated monsoon rainfall in the BGC record (Fig. 9). These sedi-
mentary packages, which are interpreted to represent increases in
fluvial discharge (Reeves et al., 2008), or possibly dunemobility (De
Deckker, 2001), are coincident with periods of elevated IASM
rainfall at BGC, including two isotopic excursions at 24 and 26 ka,
events not apparent in either the Greenland or Hulu cave records
(Figs. 8 and 9). This observed relationship linking the western
Kimberley and the Gulf of Carpentaria argues for the BGC record to
be representative of a broad regional response across the Australian
tropics during the Last Glacial period.

Because periods of high northern latitude warming (such as
marks the end of the YD) are coincident with a weakened
monsoon in the western Kimberley during the Last Glacial period,
then IASM rainfall would have been expected to decrease sharply
after 11.5 ka. Instead of diminishing, however, the IASM gained
strength, marking the onset of enhanced early Holocene monsoon
conditions, likely in response to changing ocean conditions in the
IPWP, including flooding of the Sahul and Sunda continental
shelves and rising regional SST, both of which were underway by
at least 12 ka (Bard, 1996; Wyrwoll and Miller, 2001; Stott et al.,
2002). This response is similar to that recorded in stalagmites
from Flores (Griffiths et al., 2009) and appears to reflect a regional-
scale monsoon response. The links to the high northern latitudes
evident in the BGC record between 40 and 12 ka were broken at
the Holocene/Pleistocene transition as regional controls on the
IASM became enhanced and ice cover at the high northern lati-
tudes decreased in association with the early phases of
deglaciation.

6. Conclusions

When the BGC record is placed in a regional context, the overall
picture that emerges is a consistent monsoon response to extra-
tropical forcing across the IPWP, with regions located north of the
austral summer ITCZ experiencing decreased rainfall during
periods of high northern latitude cooling, and regions located south
of the austral summer ITCZ (e.g., BGC) experiencing increased
monsoon rainfall. H-events (including the YD) are clearly expressed
as periods of increased IASM rainfall. While the BGC time series
lacks the requisite chronological control to definitively tied
millennial-scale oxygen isotopic variability to distal climate events,
taken at face value, these data also support a similar relationship
between the IASM and D/O events.

The stalagmite record from Borneo remains the anomalous link
to IPWP SST and to the southern high latitudes. No evidence in the
BGC record links the IASM to Antarctica, but instead emphasizes
the role played by the Northern Hemisphere on the Last Glacial
evolution of the IASM. At the Holocene/Pleistocene transition,
regional ocean conditions, including SST and flooding of conti-
nental shelf, broke the link to the extra-tropical forcing at the start
of the Holocene, a response consistent with IASM reconstructions
from the southern IPWP.
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